We have prepared two series of BaTiO 3 /SrTiO 3 (BT/ST) superlattices (SLs). In the first set, the modulation period (Λ) was varied from 136 Å to 16 Å, whereas in the second set ST was replaced with Ba (1-x) Sr x TiO 3 (BST) (0<x< 1) with constant periodicity of ~ 136Å. A total stack height of 10,000 Å (1 μm) was maintained for both the systems. The compositional changes give large spectral changes at x = 40% where the lowest E mode in BT/BST SL became underdamped. X-ray diffraction (XRD) patterns and surface topography of the modulated period revealed a Stranski-Krastanov growth mechanism. The upward frequency shift of the E(1TO) in SLs with decrease in Λ or Ba-concentration in the BST layer was attributed to the in-plane compressive stress induced by the lattice mismatch of the constituent layers. [n.b., here the notation E(1TO) or A 1 (2TO) simply designates the vibrational mode of E or A 1 symmetry, with 1TO or 2TO designating the transverse optical branch that is lowest -1 -or second-lowest -2-in energy.] In the low frequency region, the folded acoustic phonon (FAP) doublets were observed. Since the low-frequency out-of-plane dielectric constant is directly related to the E(1TO) soft mode frequency, strain engineering in artificial SLs allowed us to modify their 
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The improved properties of these SLs are required for dielectric and ferroelectric device applications such as nonvolatile ferroelectric memories, dynamic random access memory or tunable microwave devices [12, 13] . One aspect of SLs is the close relation between structural, electrical properties and morphology. It has been found that the reduction of the thickness of the individual layers in the BT/ST SLs plays a vital role in their functional and structural properties.
Visinoiu et al. [14] [15] [16] reported that the Stranski-Krastanov mechanism governs the growth of BT/ST multilayers, and this feature was attributed to differences in the morphological stability on the growth surfaces. They found BT islands forming on the top of each layer of ST and that the roughness of the top BT layer decreased with increasing number of layers for the same overall thickness.
In this paper our aim is to explore two different approaches: the first is to fabricate SL structures with different modulation periods to investigate the crystal structure and the growth mechanism; the second is to explore the effects of the compositions of one of the constituent layers of the SLs and to investigate the resulting strain and structural properties. We report structural, surface morphology, and Raman characterization of two sets of SLs samples grown on (001) MgO substrates: (1) BT/ST SLs as a function of the modulation period; (2) replacing the ST with Ba (1-x) Sr x TiO 3 (BST) at constant modulation period. Our comparative study revealed peculiarities of structural and lattice-dynamical properties of these two sets of SLs.
II. EXPERIMENTAL
Superlattices of BT/ST and BT/Ba (1-x) were grown on (001) MgO substrate by pulsed laser deposition techniques. The thin-film stack was deposited by alternately focusing the beam on stoichiometric BT, ST, and BST targets. The 4 films' modulation period (Λ) in BT Λ/2 /ST Λ/2 SL was varied between ~16 Å < Λ < 136 Å, while a constant period of Λ= 136 Å was kept in BT Λ/2 /BST Λ/2 SLs (see Figure 1 ). The stacking periodicity Λ/2 was precisely maintained by controlling the number of laser shots; irrespective of stacking geometry, the total thickness of each SL film was ~10000 Å = 1 μm. Single BT and ST films were deposited under similar deposition conditions as all the SLs, in order to compare them with artificial SLs. An excimer laser (KrF, 248 nm) with a laser energy density of 1.5 J/cm 2 and pulse repetition rate of 10 Hz was used to deposit the SLs. During deposition the substrate was maintained at 830 °C and oxygen pressure at 200 mTorr. The orientation and phase purity of the films were characterized by X-ray diffraction (XRD) using Cu K α radiation in a Siemens D500
diffractometer. Polarized Raman spectra were recorded in the backscattering geometry using 514.5 nm radiation of an Ar + laser and analyzed using a Jobin Yvon T64000 spectrometer equipped with a charge coupled detector (CCD). An optical microscope with 80X objective was used to focus the incident light in a spot of about 2 µm in diameter on the sample. The polarized Raman spectra were obtained in side-view backscattering geometries [17, 18] . All Raman spectra in this work were corrected for the Bose-Einstein temperature factor and intensities were normalized. The surface morphology was investigated by atomic force microscopy (AFM) (Veeco) operated in contact mode and using an ultra-sharp silicon tip with a resonance frequency of about 350 kHz. Frequency dependence of the dielectric and ferroelectric properties were measured using an HP4294 impedance analyzer and Radiant tester respectively. Figure   2 ), and the satellite peaks are closer for higher order modulation period. The peak positions are
given by the Bragg condition [19, 20] This behavior can be explained in terms of the thickness variation of the BT and ST sub-layers in SL thin films. Since we kept a constant overall thickness for all SLs, the thickness of each BT and ST sub-layer decreases with decreasing modulation period. On decreasing the sublayer thickness there is a reduction in the size of the islands. Also with decrease of interlayer thickness there is less time for the small islands to coalescence together to form larger ones. It has shown by Visinoiu et al. [14] in the cross sectional TEM image of BT/ST superlattices that with increase of film thickness the larger islands developed into a column-like structure with bigger islands, as observed in AFM/SEM images.
The ferroelectric soft mode is usually very sensitive to strain in thin films [11, 18, 19, [22] [23] [24] and so investigation of soft mode behavior in ferroelectric SLs is very useful for better understanding of their physical properties. modes. However, symmetry-forbidden scattering from the higher-energy totally-symmetric modes A 1 (2TO) and A 1 (3TO) was observed. Therefore these polarization-dependent Raman spectra exclude tetragonal symmetry of the SLs with the c-axis being normal to the substrate.
The appearance of the A 1 modes in the crossed-polarized geometries implies symmetry lowering to orthorhombic or monoclinic. Raman selection rules can be relaxed due to the presence of adomains and corresponding domain walls. Actually, partial depolarization of incident/scattered light may be a reason of the "leak" of A1 modes into forbidden geometries. In our case intensity of A1 modes in crossed polarized spectra is too high to speak about their leakage. The most significant difference with respect to pure BT and ST thin films was observed in crossed polarized spectra (Figure 4 (b) ) where the E(TO) component of the soft mode is markedly altered from the bulk value of the BT crystal. Such differences in Raman spectra have been reported in PT/BT ferroelectric SLs [19] and BT/BaTi 0.68 Zr 0.32 O 3 ferroelectric/relaxor SLs [20] and attributed to the effect of internal stress. We note that these particular selection rule violations can also arise from homogeneous stress and do not require inhomogeneous stress gradients (flexoelectricity) [13] . The dependence of the peak positions of E(1TO) and A 1 (2TO) modes with modulation period was observed in BT/ST SLs (see dashed lines in Figure 4 ). The frequency of the E(1TO) soft mode increases with decreasing the modulated period from 115 cm -1 (Λ = 136 Å) to 124 cm -1 (Λ = 64 Å). We already reported [11, 22, 23, 25 ] that a significant shift of the E(TO) soft mode can be observed due to two-dimensional 2D stress imposed by the substrate; however, in the case of BT/ST SL grown on MgO the upward shift of the soft mode 
B. BaTiO 3 /Ba (1-x) Sr x TiO 3 Superlattices
Lattice parameters of solid solutions BST systematically decreases with increasing Sr content, and almost exactly follows a linear Vegard's law [28] . In order to get further information concerning the role of interlayer strain, we analyzed the SLs with partial replacement of Sr by Ba. BST layers are used to build up internal stain by varying the value of the lattice in the plane of interface layers where a = 3.905 Å typical for ST, and a = 3.990 Å typical for BT. A series of specimens where ST layer was replaced by BST with variable Ba/Sr concentrations were investigated for this purpose. Interlayer strain can be minimized by making Ba-rich BST sublayers while situation can be reversed (maximal strain) with Sr-rich BST sublayers. and paraelectric components is comparable to BT thin films on different substrates [35, 36] .
IV. CONCLUSIONS
We have prepared a series of BT/ST SLs with different periodicity and BT/Ba Wave number (cm 
